Various techniques have been developed to study changes in the cerebral vasculature in numerous neuropathological processes including subarachnoid hemorrhage (SAH). One of the most widely employed techniques uses India ink-gelatin casting, which presents numerous challenges due to its high viscosity, rapid solidification, and its impact on immunohistochemical analysis. To overcome these limitations, we developed a novel technique for assessing cerebral vasospasm using cerebrovascular perfusion with ROX, SE (5-Carboxy-X-Rhodamine, Succinimidyl Ester), a fluorescent labeling dye. We found that ROX SE perfusion achieves excellent delineation of the cerebral vasculature, was qualitatively and quantitatively superior to India ink-gelatin casting for the assessment of cerebral vasospasm, permits outstanding immunohistochemical examination of non-vasospasm components of secondary brain injury, and is a more efficient and cost-effective experimental technique. ROX SE perfusion is therefore a novel and highly useful technique for studying cerebrovascular pathology following experimental SAH.
SCieNTifiC RepoRts | 7: 9126 | DOI:10.1038/s41598-017-09070-y dependent) 37 . Secondary brain injury after SAH is typically categorized into early brain injury (EBI) and delayed cerebral ischemia (DCI), with the latter being the most significant cause of long-term morbidity in SAH patients 38 . EBI results from multiple processes including acute increases in intracranial pressure, transient global cerebral ischemia, neuroinflammation, blood-brain-barrier breakdown and cerebral edema. EBI occurs within the first 1-3 days after ictus 39 . DCI was classically attributed to large artery cerebral vasospasm, but it is now understood that a multitude of additional pathophysiological events, collectively referred to as non-vasospasm components of DCI, including microvascular autoregulatory dysfunction, microvessel thrombosis, neuroinflammation, and neuronal cell death also likely contribute to the development of DCI 40, 41 . Given the multifactorial etiology of secondary brain injury following SAH, and the failure of SAH clinical trials directed solely at cerebral vasospasm 42, 43 , it is apparent that assessment of both vasospasm and non-vasospasm components of secondary brain injury is needed to develop effective therapeutic strategies against SAH. To conduct efficient and cost-effective experiments, it is imperative to develop new techniques to assess large artery vasospasm while permitting simultaneous examination of non-vasospasm endpoints in the same brain tissue.
Among the various perfusion-based techniques described above, India ink-gelatin casting is by far the most widely used modality for the assessment of cerebral vasospasm after experimental subarachnoid hemorrhage (SAH) [44] [45] [46] [47] [48] [49] . However, this method has major limitations on two fronts. First, there can be difficulty in achieving complete cerebrovascular perfusion due to premature solidification of the mixture, vessel rupture during perfusion, poor visualization of vessels in areas of high vascular density, and poor reproducibility [28] [29] [30] . Perfusion agents with low viscosity such as fluorescent dyes 19, 22, 50 and inks 15 have been used to overcome such problems; however, these techniques have limitations such as preferential labeling of capillary endothelium with less intense staining of large vessels 22, 51 and poor combination with immunohistochemistry 50 . The second major limitation with India ink-gelatin casting is difficulty in performing histological assessments of non-vasospasm components of DCI in India ink-gelatin casted brain sections. The presence of solidified India ink-gelatin within cerebral vessels precludes the visualization of vessel wall anatomy and intravascular pathology. This necessitates use of separate cohorts of animals for quantitation of cerebral vasospasm versus histological assessment of non-vasospasm elements of DCI in experimental studies 52 , which is time-consuming, costly, and an inefficient use of animal resources.
To overcome these limitations, we developed a novel fluorescent staining technique for evaluation of cerebral vasospasm using ROX SE, a succinimidyl ester dye commonly used in fluorescent labeling of the amine (-NH 2 ) groups of peptide and proteins 53 . We then evaluated its accuracy versus India-ink gelatin casting technique, and explored its utility with subsequent histological assessment of non-vasospasm components of secondary brain injury after SAH. Qualitative comparison of ROX SE perfusion and India ink-gelatin casting techniques. Naïve wildtype mice underwent ROX SE perfusion followed by 3% India ink-gelatin casting. Images were then obtained of the mouse brains to compare the India ink-gelatin casting method (A,C,E,G) and ROX SE perfusion method (B,D,F,H). Images obtained using the ROX SE perfusion technique did not have problems of poor visualization of overlaying vessels (E, indicated by arrowheads) or poor perfusion (G, indicated by arrowheads). Scale bar: 100 μm.
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Materials and Methods
Experimental animals. All experimental animals were 12-week-old male C57BL/6J mice that were obtained from Jackson Laboratory (Bar Harbor, ME, USA). All experimental procedures were approved by the Animal Studies Committee at Washington University in St. Louis. All experiments were performed in accordance with relevant guidelines and regulations.
Experimental SAH. SAH was induced via endovascular perforation technique as previously described 46, [54] [55] [56] . Briefly, mice were anesthetized with isoflurane (4% induction, 1% maintenance) and the region of carotid artery bifurcation was exposed. A 5-0 nylon suture was introduced into the left external carotid artery and then advanced via the left internal carotid artery until resistance was felt at the anterior cerebral artery (ACA)-middle cerebral artery (MCA) bifurcation. The suture was then advanced further to produce an endovascular perforation. This was followed by removal of the suture and ligation of the external carotid artery. In mice that underwent sham surgery, the suture was advanced until the ACA-MCA bifurcation but perforation of the vessel was not performed. Perfusion with ROX SE or India ink-gelatin was performed 72 hours after surgery. After extraction of the brain, presence or absence of hemorrhage was confirmed for mice that underwent SAH or sham surgery, respectively. ROX SE perfusion. A 10 mM stock solution of 5 -(and -6)-Carboxy-X-rhodamine, succinimidyl ester (AS-81110, AnaSpec, Freemont, CA, USA) in DMSO was diluted into 10 mM glucose -Phosphate Buffered Saline (PBS) for a final working solution of 20 μM ROX SE in 10 mM glucose-PBS. Mice were anesthetized with isoflurane and transcardially perfused at a constant pressure of 80 ± 5 mm Hg with 10 mL of 10 mM glucose PBSHeparin (1000 USP units/ml), followed by 20 mL of 10 mM glucose PBS, 20 mL of the 20 μM ROX SE working solution, and 20 mL of 4% paraformaldehyde (Fig. 1 ). Brains were extracted under a dissecting microscope (Nikon SMZ 800) and stored in 4% paraformaldehyde at 4 °C for 48 hours and then transferred into 30% sucrose solution.
India ink-gelatin perfusion. Cerebrovascular casting was performed using 3% India ink-gelatin (Blick Black Cat Waterproof India Ink) as previously described 46, 49, [54] [55] [56] . Briefly, mice were anesthetized with isoflurane and transcardially perfused at a constant pressure of 80 ± 5 mm Hg with 10 mL PBS-heparin, 20 mL 10% formalin, and then 25% India ink-3% gelatin -PBS solution till it solidified in the vasculature and prevented further perfusion (usually 1-2 minutes) ( Fig. 1) . Following perfusion, mice were stored at 4 degrees Celsius for at least 12 hours. Brains were then extracted and imaged.
To allow comparison of ROX SE and India ink-gelatin casting techniques within the same brain, a subset of mice was perfused with 10 mL of 10 mM glucose PBS -Heparin (1000 USP units/ml), followed by 20 mL of 10 mM glucose PBS, 20 mL of the 20 μM ROX SE working solution, 20 mL of 10% formalin, and 25% India ink-3% gelatin -PBS solution till it solidified in the vasculature.
Cerebral vasospasm measurement.
Cerebral vasospasm was assessed in the MCA as previously described 46, [54] [55] [56] . Blood vessels in the circle of Willis were imaged under a bright-field microscope (for India Ink) or fluorescent microscope (for ROX SE) using a CCD camera (CoolSNAP EZ, Photometrics, Tucson, AZ) and MetaMorph ® software (Universal Imaging, West Chester, PA). Images were analyzed using ImageJ Immunohistochemistry. Immunohistochemistry was performed as previously described 54, 55 . Free floating, fixed brain sections with 40-μm thickness underwent fluorescent immunohistochemical staining using the following primary antibodies: anti-glial acidic fibrillary protein (GFAP) (OPA1-06100, Thermo Fisher, 1:1000 Figure 5 . Inter-observer variability is reduced using the ROX SE perfusion method. Bland-Altman plots were constructed for comparison of inter-observer variability in middle cerebral artery (MCA) diameter measurements between ROX SE perfusion and India ink-gelatin casting techniques among three observers. (A-F) The ROX SE perfusion technique appears to result in lower inter-observer variance than the India inkgelatin casting technique. The dotted lines in each plot represent the 95% confidence interval for upper and lower limits of inter-observer agreement. (G) Vessel diameter measurements with ROX SE perfusion method (red) show a noticeably smaller range when compared to those of the India ink-gelatin casting method (black). dilution), anti-CD45 (MCA1031G, BioRad, 1:500 dilution), anti-mouse fibrinogen (ab34269, Abcam, Cambridge, UK, 1:1000 dilution), and anti-claudin 5 (ab15106, Abcam, Cambridge, UK, 1:500 dilution). The secondary antibodies used included Alexa Fluor 488 Goat Anti-Rabbit IgG (A-11008), Alexa Fluor 488 Goat Anti-rat IgG (A-11006), and Alexa Fluor 350 Goat Anti-rat IgG (A-21093, Invitrogen; 1:500 dilution). Stained sections were imaged using a Zeiss LSM5 confocal scanning microscope system and analyzed using the Zeiss LSM Image software (Zeiss Ltd., Jena, Germany). Another cohort of brain sections underwent 3,3′-Diaminobenzidine (DAB) staining with anti-mouse fibrinogen (ab34269, Abcam, Cambridge, UK, 1:3000 dilution). Stained sections were imaged using a Nikon E-600ME microscope and analyzed using MetaMorph software. Immunohistochemical images were taken of the left cerebral cortex (ipsilateral to the lesion).
Statistical analysis. Data represent individual animals and are expressed as mean ± SEM. Two-way Analysis of variance (ANOVA) followed by a post-hoc Tukey's multiple comparison test were used to compare MCA vessel diameter measurements among the different groups; p < 0.05 was considered statistically significant. A Bland-Altman plot was used to assess the inter-observer variability of three independent observers between ROX SE perfusion and India ink-gelatin casting methods. Two-way ANOVA tests were performed to determine the minimum sample size required to detect vasospasm with 80% power and alpha of 0.05, using the India ink-gelatin casting technique and ROX SE perfusion technique. For the power analysis we used group means and standard deviations of the combined data from our trials. We included three additional groups to simulate a commonly used experimental setup wherein intervention and control groups are utilized. For the intervention group, we assumed a mean 50% improvement in vasospasm. 
Results
Qualitative comparison between ROX SE and India ink-gelatin images. The ROX SE perfusion technique achieved strong fluorescent staining of the vessel wall and thereby provided a clear visualization of the cerebral vessels in both SAH and Sham (Fig. 2) . ROX SE is impermeable to the blood-brain barrier due to its large molecular size while it conjugates to the primary amines (-NH2) of proteins present in vessel walls. Interestingly, ROX SE staining appeared to be selective for arterial vessels as venous vessels were left unstained (Fig. 2) . To compare ROX SE perfusion and India ink-gelatin casting within the same brain, twelve mice underwent ROX SE perfusion followed by India ink-gelatin casting (Fig. 3) . Comparison of images with ROX SE staining to images with optimal India ink-gelatin casting reveals a better delineation of vessel walls with the ROX SE perfusion technique (Fig. 3A-D) . The fluorescent illumination of vessel walls obtained with ROX SE staining also circumvented problems frequently encountered with India ink-gelatin casting such as ambiguous borders of overlaying vessels Sections of ROX SE-perfused brains from mice that underwent sham and SAH surgery were subjected to fluorescent immunohistochemical staining using anti-mouse fibrinogen antibody. A marked increase in fibrinogen was observed in the capillaries of mice that underwent SAH, thereby indicating increased microvessel thrombi formation. Scale bar: 50 μm. (Fig. 3E,F ) and poor perfusion (Fig. 3G,H) . The structural clarity of vessel wall afforded by ROX SE staining also facilitated easier measurement of vessel diameter compared to India ink-gelatin.
ROX SE staining achieves comparable vessel diameter measurements. Two separate experiments
were performed to compare the accuracy of ROX SE staining versus India ink-gelatin casting for evaluation of cerebral vasospasm after experimental SAH. In each experiment, four groups of mice were used: (1) Sham surgery followed by India ink-gelatin casting (Ink:Sham), (2) SAH surgery followed by India ink-gelatin casting (Ink:SAH), (3) Sham surgery followed by ROX SE perfusion (ROX:Sham), and (4) SAH surgery followed by ROX SE perfusion (ROX:SAH).
In each experiment and in the cumulative analysis (Fig. 4) , both techniques demonstrated significant cerebral vasospasm in mice undergoing SAH. In the ROX SE perfusion group, a 25.9 ± 1.8% decrease in MCA diameter (ROX:Sham vs. ROX SAH, 87.0 ± 4.0 µm vs. 64.5 ± 2.6 µm, p < 0.05; Fig. 4, combined) was seen, consistent with cerebral vasospasm. This was similar to the 21.8 ± 1.6% decrease in MCA diameter seen in the India ink-gelatin casting group (Ink:Sham vs. Ink SAH, 95.3 ± 2.9 µm vs. 74.5 ± 4.2 µm, p < 0.05; Fig. 4, combined) . The differences in MCA diameters between techniques were not significant (Ink:Sham vs. ROX:Sham, 95.3 ± 2.9 µm vs. 87.0 ± 4.0 µm, p = 0.46; Ink:SAH vs. ROX:SAH, 74.5 ± 4.2 µm vs. 64.5 ± 2.6 µm, p = 0.26; Fig. 4, combined) .
ROX SE staining exhibits less inter-observer variability. Bland-Altman plots of observer measurements showed decreased variability of MCA diameter measurements and a substantially narrower limit of agreement with the ROX SE perfusion technique when compared to India ink-gelatin casting technique (Observer A and B: Ink vs. ROX, −14.8 to 17.8 vs. Immunohistochemical assessment of multiple pathophysiological processes is eminently feasible following ROX SE perfusion. After imaging the Circle of Willis for cerebral vasospasm assessment, ROX SE perfused brains were sectioned and subjected to immunohistochemical staining to assess for neuroinflammation, BBB breakdown, and microvessel thrombosis. Mice that underwent SAH demonstrated increased activation of astrocytes (Fig. 6A) and microglia (Fig. 6B) , thereby indicating an ongoing inflammatory response to SAH. Increased disruption of claudin-5 staining along vessel walls was seen after SAH (Fig. 7) , consistent with BBB breakdown. Markedly increased intravascular fibrinogen staining was also seen in the cerebral microvessels of mice subjected to SAH, consistent with extensive microvessel thrombi formation (Fig. 8) . Anti-fibrinogen DAB staining of ROX SE perfused brains (Fig. 9 ) also showed increased microvessel thrombosis in mice that underwent SAH compared to sham. Fibrinogen staining was difficult to visualize in the India ink-gelatin casted brains due to obscuration of vessel lumen by India ink (Fig. 9) . Cost analysis of ROX SE perfusion compared to India ink-gelatin casting. For an experiment setup using four groups of animals, our power calculations determined a total sample size requirement of 56 animals for India ink-gelatin casting technique and 48 animals for the ROX SE perfusion technique. To assess vasospasm as well as other immunohistochemical endpoints of secondary brain injury, the India ink-gelatin technique would require a separate cohort of animals for immunohistochemistry. Based on prior studies from our group and others, quantification of immunohistochemical endpoints requires approximately n = 8 per group 54, 57 . Thus, the total number of animals required when India ink-gelatin casting is used would be 88 mice whereas for ROX SE, it would be 48 mice. A cost analysis was performed which factored in the $38.26 cost of each 12-week-old C57BL/6 J mouse from Jackson laboratory (Bar Harbor, ME, USA), local institutional husbandry fee ($0.17 per mouse each day) for 7 pre-operative days and 3 post-operative days, and the cost of 100 mg of ROX SE at $121, which allows for the perfusion of approximately 400 mice. Given the number of animals required and these costs, the ROX SE perfusion technique would be expected to save approximately $1,795 per experiment. When costlier transgenic mice are used, even greater savings would be anticipated.
Discussion
In this study we describe a novel staining technique using ROX SE for evaluation of the cerebral vasculature and demonstrate its utility in the assessment of cerebral vasospasm after SAH. We show that this technique provides qualitatively superior and quantitatively similar vessel measurements to India ink-gelatin casting, the most widely used method for cerebral vasospasm assessment. We also demonstrate that ROX SE staining exhibits less inter-observer variability in measurements and permits assessment of other pathophysiological processes occurring after SAH including neuroinflammation, BBB breakdown, and microvessel thrombosis in the same tissue. These findings suggest that ROX SE perfusion imaging allows for assessment of cerebral vasospasm after experimental SAH with great accuracy and reduced inter-observer variability, while also permitting evaluation of numerous additional SAH endpoints. This combination of imaging characteristics will allow for multifactorial assessment of secondary brain injury processes following experimental SAH with a more efficient approach to resource utilization.
A major aim of this study was to develop a technique for assessment of cerebral vasospasm that is simpler and non-inferior to India ink-gelatin casting. Consistent with our hypothesis, both methods demonstrated significant cerebral vasospasm in the ipsilateral MCA after SAH, and the degree of cerebral vasospasm is similar between techniques (ROX SE vs. India ink-gelatin, 25.9% ± 1.8% vs. 21.8% ± 1.6%; p = 0.105). Although statistically insignificant, vessel diameters obtained using ROX SE perfusion were slightly lower than vessel diameters obtained using India ink-gelatin casting. Possible explanations for this difference include pressure-induced expansion of the vessel with the high-viscosity India ink-gelatin infusate 58 , or a difference in landmarks utilized for vessel diameter measurement. We suspect the latter is more probable given that ROX SE perfusion provided a clearer visualization of the vessel wall and therefore the inner wall diameter was measured. In contrast, vessel diameters of the India ink-gelatin casted brains were measured using the total width of the solidified ink.
Consistent with our experience, prior studies have reported limitations of India ink-gelatin casting including incomplete perfusion, vessel rupture, and ambiguous visualization in areas of high vessel density 14, [27] [28] [29] [30] [31] . Additional difficulties with India ink-gelatin casting include a lengthy process to prepare the mixture, requirement to maintain uniform temperature and stirring of the mixture to prevent clumping, rapid perfusion to prevent premature solidification, and the length of time needed to clean equipment at the end of an experiment. In contrast, ROX SE perfusion is simpler and quicker to set up, and avoids the aforementioned problems.
In addition, ROX SE perfusion technique provides other advantages over India ink-gelatin casting. First, a higher detail of vascular anatomy is discernable with fluorescently illuminated vessel walls and therefore a clear distinction between the vessel wall and lumen is seen. This degree of anatomic detail is absent with India ink-gelatin casting. The clear distinction between vessel wall and lumen affords higher precision and accuracy in vessel diameter measurements, and likely contributed to the superior inter-observer reliability seen with ROX SE staining. Second, the ROX SE perfusion technique also provides the opportunity to utilize the same brain tissue for additional histological studies. To confirm this, we examined several of the key pathophysiological brain injury processes known to occur after SAH, and found that astrocyte and microglial activation, BBB disruption, and microvessel thrombosis can be easily detected in ROX SE perfused tissue. In contrast, immunohistochemical studies in brains that have been casted with India ink-gelatin, though possible 59, 60 , are quite challenging and often yield poor results due to the pervasive black background. These advantages of superior inter-observer reliability along with the ability to utilize ROX SE stained tissue for histological studies would be expected to lower the number of animals needed per experiment and therefore offer higher cost-effectiveness. Consistent with our expectations a power analysis to detect vasospasm after experimental SAH for three groups resulted in a sample size requirement of 56 animals for the India ink-gelatin casting technique and 48 animals for the ROX SE perfusion technique. This difference in sample size reflects the smaller standard deviation of MCA vessel measurements seen in both sham and SAH groups with the ROX SE perfusion technique. When the costs of mice utilized for immunohistochemical analyses was considered in the cost projections, ROX SE perfusion technique was anticipated to provide additional savings. Our analysis did not account for instances of technical difficulties with India ink-gelatin casting resulting in unusable data. Therefore, actual cost savings with ROX SE is expected to be higher.
Limitations of the ROX SE perfusion method include slightly longer perfusion time and requirement of a fluorescence microscope. Although the perfusion time is longer than that of India ink-gelatin casting, substantially lesser time is required for perfusion set up and cleaning. Another important consideration with the ROX SE method, as with all microscopic imaging including imaging of India ink-gelatin casted brains, is the focal plane used for acquiring images. This is especially significant when measuring vessel caliber because the most accurate diameter measurement is obtained when the focal plane bisects the vessel lumen. Lastly, ROX SE perfusate lacks the space-occupying characteristic of viscous reagents such as India ink-gelatin, and may, therefore, not preserve native vessel structure. However, since this effect would be equally applicable to all experimental groups, it does not limit the ability of this technique to assess cerebral vasospasm. Our experiments comparing the ROX SE perfusion technique and India ink-gelatin casting technique demonstrate that this potential limitation has minimal impact on experimental results.
Another potential advantage of ROX SE is its ability to delineate small arteries and arterioles, which was observed in our immunohistochemical staining. Although our study utilized the ROX SE perfusion technique to assess large artery vasospasm following SAH, it may have broader applicability in the study of microvasculature in other neurological disorders. Further studies are needed to assess the utility of ROX SE in this regard.
Conclusion
In conclusion, our study demonstrates that the ROX SE perfusion technique can be successfully utilized to evaluate SAH-induced cerebral vasospasm with results comparable to India ink-gelatin casting, and offers multiple advantages including better accuracy and precision and the ability to use ROX SE perfused tissue for histological studies to assess other pathophysiological process occurring after SAH. The additive effect of these benefits is predicted to confer significant time and cost savings for those pursuing SAH studies.
